In this retrospective study, we evaluated the audiometric results after using the retrograde mastoidectomy technique with open mastoid cavity for the removal of extended attic cholesteatomas. The described technique was used for cholesteatoma removal in 168 adult patients with an average follow-up time of 12 months. Due to cholesteatoma extension far into the mastoid, the disease was eradicated by the canal wall down (CWD) technique with the creation of an open mastoid cavity. Primary surgery was carried out in 47% of ears, with the remaining 53% representing revision surgery. In all cases, a classical CWD with an open mastoid cavity and partial obliteration with cartilage was created. A dry ear was achieved in 94% of cases. A postoperative air-bone gap ≤ 20 dB was achieved in 42.9% of the operated ears. 9.3% (n = 15) of the operated ears showed a postoperative air-bone gap >30 dB. Important factors leading to significantly better hearing restoration were an intact malleus, the use of alloplastic titanium prostheses and primary surgery. Although most cholesteatomas nowadays can be eradicated with the canal wall up technique, in far advanced cholesteatomas, the CWD technique can be applied with acceptable postoperative hearing results.
Introduction
The primary aim of cholesteatoma surgery is the eradication of the disease with a complete removal of the cholesteatoma matrix [1] . Nowadays, hearing restoration and functional outcome of the cavity can also be regarded as equally important aims of the surgery, which is preferably performed as a single-stage procedure [1] [2] [3] [4] [5] . For cholesteatoma resection, two principle techniques have been developed [5] [6] [7] [8] [9] [10] [11] . The canal wall down (CWD) approach allows for excellent visualization of a cholesteatoma in hidden anatomic regions with a good chance of total resection, leading to low recurrence rates [10] . It can also be applied to advanced epitympanic cholesteatomas which expand far into the mastoid cavity [12] . The major disadvantage of this approach is a surgically created open mastoid cavity, resulting in intermittent mastoid cavity cleaning with reduced quality of life [13, 14] .
With the less invasive canal wall up (CWU) technique, the posterior canal wall is preserved and the disease is eradicated through the mastoid and/or the external auditory canal [11] . By applying this technique, the normal anatomical integrity of the external auditory canal is preserved, resulting in a faster healing phase. The major problem is reduced visualization of the epitympanum and the medial edge of the posterior canal wall, leading to high recurrence rates and the necessity for second-look surgeries. Especially in advanced cholesteatomas, the application of the classic CWU procedure is surgically difficult. Concerning audiometric results, most studies report on better hearing restoration with the CWU technique [5, 9, 15, 16] .
In our hands, the additional technique of retrograde (inside-out) mastoidectomy has shown to be effective for cholesteatoma removal and functional reconstruction [9] . This procedure allows the preservation and/or partial reconstruction of the posterior canal wall according to cholesteatoma expansion. If necessary, surgery may be extended to an open mastoid cavity which is then similar to the CWD technique.
In this study, we investigated the pre-and postoperative audiometric results for extensive cholesteatomas in an adult population by applying retrograde mastoidectomy with a created open mastoid cavity. Our aim was to determine if important factors, such as primary versus revision surgery or intraoperative anatomical conditions, have an impact on the audiometric results.
Materials and Methods

Chart Review and Evaluation
Charts of 168 patients who had cholesteatoma surgery between January 2006 and June 2012 were reviewed retrospectively in a university hospital center. We first included patients with a postoperative diagnosis of middle ear cholesteatoma, in which we declined to reconstruct the posterior canal wall due to the cholesteatoma extension into the mastoid. The exclusion criteria were deafness, missing preoperative puretone audiometry and follow-up time <6 months. Further, patients presenting with cholesteatoma recurrence and previously created open cavity were excluded. For the classification of the cholesteatomas, we used the staging system of Saleh and Mills [17] .
The observation period was defined as the time between the last pre-and the last postoperative examination. In this period, we recorded the intersection of pre-, intra-and postoperative parameters of three retrospective studies (data not published). Missing values were defined as not available. Age at the date of surgery, sex and primary or secondary surgery were recorded for basal documentation. Detected preoperative variables were otorrhea and status of the tympanic membrane. Surgical and intraoperative parameters were the status of ossicles, implantation of prostheses and the technique of tympanic membrane reconstruction used. The audiometric results were analyzed using the pure-tone average air-bone gap (ABG), in accordance with the guidelines of the Committee on Hearing and Equilibrium [18] , and were available in 168 preoperative and 161 postoperative cases.
Surgical Technique
In all cases, we used the retrograde mastoidectomy technique, which has been previously described [6, 9] . Further, in all ears, we applied the postauricular approach to expose the mastoid cortex. A tympanomeatal flap was then created, the skin of the posterior canal wall was removed and the external outer ear canal widened. The entrance into the middle ear was approached through the hypotympanum and the cholesteatoma was exposed.
Subsequently, an inside-out mastoidectomy was performed until the posterior margin of the cholesteatoma sac was reached. In all cases, there were extended cholesteatomas reaching far behind the lateral semicircular canal into the mastoid, leading to complete resection of the posterior canal wall. In all cases, an open cavity was created using bone pate and cartilage palisades to reduce the size of the cavity during the same surgery. The tympanic membrane was mostly reconstructed with a cartilage perichondrium island graft. The facial ridge was drilled down and a meatoplasty by resection of the cavum cartilage was created.
In the majority of the ears, a primary ossiculoplasty was done during the same surgery. Thus, with type III tympanoplasty, there were three different possibilities of ossiculoplasty, chosen according to the variables of each ear. We used either a classic type III (with connection of the reconstructed ear drum directly to the stapes) or a type III procedure with either an incus interposition or a partial (PORP) or total ossicular replacement prosthesis (TORP). Incus interposition was performed in selected cases when the surgeon was sure that the replanted part of the incus was not affected by the cholesteatoma. Furthermore, the handle of the malleus was preserved whenever possible. For PORPs and TORPs, we used titanium prostheses of different lengths in all cases, depending on the anatomy.
Analysis and Ethical Considerations
Confidence intervals were approximated by bootstrapping. p values were calculated by the WilcoxonMann-Whitney test or the Friedman rank sum test for blocked variables. Data analysis and figures were conducted using R for statistical computing.
This study was performed retrospectively and had no influence on the management of the included patients. All aspects of the study were performed in accordance with the Declaration of Helsinki and the study was approved by the local Ethics Committee.
Results
Patient Group
The final group consisted of 168 patients aged between 18 and 81 years out of our tertiary referral center. The mean age of 93 men and 75 women was 46.5 years. Seventy-nine patients underwent primary surgery, whereas 89 had had tympanoplasty on the affected ear before. Seven, all right-handed, surgeons of different surgical skill levels dealt with 81 right and 87 left ears. The average observation period was 12 months with a range of 6-204 months. Seven patients were lost to follow-up. All cholesteatomas were classified as S4 after Saleh and Mills [17] , with expansion into the attic, the antrum, the middle ear and the mastoid.
Preoperative Condition
An overview of pre-, intra-and postoperative variables is given in table 1 . The patient group is nearly balanced concerning side (87 left, 81 right) and primary or revision surgery (79/89). Fifty-one (30%) patients had a dry ear before surgery, while 29 (17%) had intermittent and 68 (40%) permanent otorrhea. The microscopic examination of the tympanic membrane revealed an intact tympanic membrane in only 21 cases (13%). Forty-one patients (24%) had a tympanic membrane perforation and 48 a retracted tympanic membrane (29%).
Intraoperative Findings
Malleus, incus and stapes were not affected in 57 (34%), 23 (14%) and 106 (63%) cases, respectively ( table 2 ). The incus was the primarily affected ossicle (n = 74, 44%), whereas the malleus (n = 44, 26%) and stapes (n = 33, 20%) were only affected by cholesteatoma in approximately half of the patients. Due to 89 revision surgeries, there were many patients where some part of the ossicles had already been removed (malleus n = 62, 37%; incus n = 68, 40%; stapes n = 28, 17%). The incudostapedial joint (ISJ) was intact in only 21 cases (13%), while it was affected by cholesteatoma in 57 (34%) and preoperatively missing in 57 cases (34%).
Ossicular Chain Reconstruction
A TORP was used for the reconstruction of the ossicular chain in 43 (26%) patients, a partial prosthesis in 15 (9%) and an incus interposition in 12 (7%) patients. In 98 patients (58%), the surgeon declined ossicular chain reconstruction with autologous or alloplastic prostheses. In these cases, the graft was coupled to the head of the stapes (classical tympano- Significance levels of pre-and postoperative difference: * p < 0.2, ** p < 0.1, *** p < 0.05. plasty type III). The most commonly used grafts for tympanic membrane reconstruction were a cartilage perichondrium island graft (n = 138, 82%), while fascia (n = 10, 6%), single perichondrium (n = 6, 4%) or cartilage palisades (n = 7, 4%) were only used in smaller subgroups. In 13 (8%) ears, the ossicular chain could be preserved and a type I tympanoplasty was performed, while in all other cases (n = 155, 92%) a type III tympanoplasty was performed.
Postoperative Results
The ABG was successfully reduced after retrograde mastoidectomy with an open mastoid cavity (similar to CWD) in 105 patients; in 27 of them, it decreased by >20 dB of the mean difference. In 47 individuals, the ABG increased, but only in 2 by >20 dB. The overall preoperative mean ABG was 30.7 dB and it decreased postoperatively to 23.4 dB. The 95% confidence interval of the mean reduction of -7.3 was -5.1 to -9.5 dB (p = 0.014, Friedman rank sum test). The best and most consistent results were obtained at 500 and 1,000 Hz (95% confidence interval -7.2 to -12.4 dB at 500 Hz and -7.4 to -12.8 dB at 1,000 Hz), while the worst results were at 3,000 Hz (-1.1 to -6.3 dB). In table 3 , the comparison of pre-and postoperative hearing results are summarized. Overall, in 42.9% of cases, an excellent or good hearing result (ABG ≤ 20 dB) was achieved. A poor postoperative hearing result (ABG >30 dB) occurred in <10% of the operated ears. 94% of the ears (n = 158) remained postoperatively dry.
In figure 1 , the development of pre-and postoperative ABG is summarized. Patients with a high preoperative ABG (dark gray dots) had a better postoperative ABG reduction. In contrast, patients with a low preoperative ABG showed mild to unchanged postoperative hearing improvement.
There was no correlation between age and hearing results (r = 0.11). An overview of the variable-dependent ABG reduction is given in table 1 . Patients with an intact malleus had a significant gain in ABG compared to others (mean reduction 10.8 dB, p < 0.05). Moreover, patients who had undergone tympanic membrane reconstruction with temporal fascia had a significant increase in ABG (increase 2.5 dB, p < 0.05).
The lowest preoperative ABGs ( table 4 ) were found in patients in whom we decided to reconstruct the tympanic membrane with fascia or single perichondrium (ABG 24.7 and 26.5 dB, respectively), as well as in those with an intact ISJ (26.9 dB), an intact tympanic membrane (27.1 dB) and a malleus affected by cholesteatoma (27.9 dB). The highest ABGs before surgery Ossicle Intact, n (%) Erosion, n (%) Missing, n (%) were detected in patients in whom we decided to reconstruct the ossicular chain with total or partial prostheses (35.4 and 35.3 dB, respectively), as well as in those with a missing stapes superstructure (34.4 dB) and permanent otorrhea (32.4 dB). After surgery, the worst ABGs were found in the groups with reconstruction by fascia (27.1 dB), preoperative perforation of the tympanic membrane (26.9 dB), affected or missing stapes superstructure (26.7 and 26.3 dB, respectively) or in the case of revision surgery (26.2 dB). The greatest ABG improvement was observed in patients with a PORP (-10.8 dB), with an intact malleus (-10.8 dB), with a TORP (-10.4 dB), with an intact incus (-10 dB) or in those with an affected ISJ (-9.7 dB). Patients with fascia reconstruction (+2.5 dB, p < 0.05), an affected malleus (-4.4 dB), reconstruction with cartilage palisades (-5 dB) or without a prosthesis (-5.7 dB) had smaller improvements compared to the average of -7.3 dB. 
Discussion
The primary goal of cholesteatoma surgery is complete eradication with the prevention of recurrence [1] . With the classical CWU and CWD techniques, the surgeon has two principle techniques for disease removal. As extensively mentioned in the literature, these techniques have their advantages and disadvantages [6, [9] [10] [11] [12] [19] [20] [21] [22] [23] . In recent decades, several modifications of the CWU technique have been described. Most of them deal with the management of the posterior canal wall and its possible reconstruction to regain a physiological external auditory canal [6, 9, 13, 14, 24, 25] . Concerning the classical CWD procedure with an open mastoid cavity, the emphasis of most studies has been on the management of postoperative chronic otorrhea [2, 13, 20, 21, 26] . Several partial or complete obliteration techniques with excellent anatomical results have been published [27] [28] [29] [30] .
In our department, the retrograde mastoidectomy procedure has proven to be an effective tool for cholesteatoma removal and functional reconstruction of the ear. This technique allows a partial or total removal of the posterior canal wall according to the extension of the disease. Partial or total reconstruction of the posterior canal wall may be performed with cartilage [9] . Nevertheless, in advanced attic cholesteatoma expanding far behind the horizontal semicircular canal, mostly a complete resection of the posterior canal wall with the creation of an open mastoid cavity may be indicated. If this is the case, we prefer to perform a classical CWD technique and create an open mastoid cavity. In this series, all patients suffered from an extensive cholesteatoma with involvement of different regions of the petrous bone including the middle ear, the attic, the mastoid and the antrum [17] , demanding complete resection of the posterior canal wall in all cases.
Concerning audiometric results in advanced cholesteatoma surgery, there are a few publications with a large patient group [10, 12, 15, 20, 31] . Hence, the major aim of our study was to analyze postoperative hearing performance and to determine if pre-and/or intraoperative conditions have an impact on the outcome.
Concerning the preoperative condition, several influencing variables could be analyzed. Interestingly, right-sided ears (all operated on by right-handed surgeons) achieved a higher hearing improvement than left-sided ears. The majority of our patient group had undergone previous surgery. The mean ABG in the group of the primary cases was better than in the group with revisions (21 vs. 26.2 dB). Although these results were not significant, the results of our study suggest that, in extensive cholesteatoma surgery, better hearing results are more realistic in primary rather than in revision cases. Hence, in revision surgeries, this aspect has to be discussed with the patient.
Another analyzed factor was the preoperative condition of the ear. In our patient group, >50% of the ears showed intermittent or permanent otorrhea preoperatively. In 30.4% of cases, the patient showed a dry ear, although it was found intraoperatively that the disease was advanced. Concerning the audiometric results, we saw the best hearing gain in patients with permanent otorrhea. Nevertheless, concerning the mean postoperative ABG, the best results were obtained in patients with a dry ear. Our data show that fair (20-30 dB) postoperative hearing results can be achieved with a CWD technique in ears with permanent otorrhea. Preoperative local therapy to achieve dry conditions should be aimed for.
The condition of the ossicular chain in chronic otitis media as a predictor of hearing outcome is discussed controversially in the literature [32] [33] [34] [35] [36] . Our data show that, in the majority of patients with advanced cholesteatomas, partial or complete ossicles are either missing or eroded. The area with the highest erosion rate was the incus (44%), followed by the ISJ (34%). These data are also supported by a recently published analysis of the ossicular chain condition in cholesteatomas. Martins et al. [37] analyzed 158 primary cholesteatomas and could see a partially eroded or missing incus in the majority (71%) of ears. Our data show that a missing stapes superstructure is particularly associated with a high preoperative ABG.
Concerning the hearing outcome, the condition of the ossicles plays an important role, as reported by other authors [32] [33] [34] [35] [36] . In our study, the most important factor was an intact malleus. Only in the ears with an intact malleus could a significant improvement in hearing (30.1-20.2 dB; p < 0.05) be achieved. This means that, whenever possible, the otosurgeon should try to preserve the malleus, even in far-advanced cholesteatomas. These data are supported by a study by Bared and Angeli [33] . Analyzing data from 105 ears with chronic otitis media (with 69 cholesteatomas), the authors could show that an intact malleus handle was predictive of the success of ossiculoplasty [33] . Furthermore, we could see that only patients with an intact incus or ISJ could reach a mean postoperative ABG <20 dB.
To achieve sufficient hearing results, the ossiculoplasty technique also plays an important role. In our study, we achieved the best hearing improvement with alloplastic PORPs and TORPs. In both groups, the mean ABG could be reduced by >10 dB in the operated ears. Nevertheless, in many cases in our series, we decided to perform a classical tympanoplasty by coupling the cartilage to the stapes superstructure. This technique was preferentially applied to create a flat tympanic cavity in cases of hypermobile or vulnerable stapes. In these cases, alloplastic prostheses might lead to inner ear damage, and hence a classical tympanoplasty type III is preferred. Concerning the graft material for tympanic membrane reconstruction, in the majority of cases, a cartilage perichondrium island graft was used. As shown previously by several studies [6, 9] , this graft leads to stable long-term hearing results. The use of fascia in CWD mastoidectomy for cholesteatoma remains controversial. In our series, it was the only graft with which a hearing improvement could not be achieved. Nevertheless, our data should be interpreted with caution, since we used fascia as a graft material in only 10 ears.
Aslan Felek et al. [12] reported on the hearing outcome in 135 ears treated with the CWD technique because of advanced cholesteatomas. The mean preoperative ABG of 32.2 dB was postoperatively reduced to a mean ABG of 23.2 dB. The postoperative mean ABG (23.4 dB) of our patient group is quite similar to that in the study by Aslan Felek et al. [12] . Furthermore, in our group, excellent or good hearing restoration (ABG <20 dB) could be achieved in 42.9% of the ears. Aslan Felek et al. [12] reported slightly better results (49% of ears <20 dB) in their operated ears. These data show that nowadays (with modern ossiculoplasty techniques), in almost half of the cases, excellent or good hearing results can also be achieved with extensive cholesteatomas. The promise of a realistic postoperative hearing result has to be clearly discussed with the patient. Our data show that the majority of patients with an expansive cholesteatoma have fair or poor preoperative hearing performance (ABG >20 dB). Hence, in only a small portion of these ears is it possible to reach an excellent postoperative hearing result (ABG <10 dB). Another interesting aspect of our data was the fact that patients with a high preoperative ABG could reach the highest possible postoperative hearing gain ( fig. 1 ) .
It is difficult to compare the audiometric results to other published studies, since the population and disease extent of studies are very heterogeneous [5, 6, 9, 10, 12, 20-22, 26, 31] . There is broad agreement in the literature that, overall, the functional results are better with the CWU technique and its modifications such as the retrograde mastoidectomy technique [9] . We believe that applying the CWU technique with the argument of a better hearing result is not applicable in all cholesteatoma cases. For greatly extended cholesteatomas, the CWD technique offers excellent exposure with acceptable postoperative hearing results.
Limitations of our study are the retrospective design and the short follow-up time. The main aim of our study was focused on the audiometric results rather than previously published results of the retrograde mastoidectomy technique [9] , where functional results (especially recurrence rate) were reported.
Conclusions
The presented technique of retrograde mastoidectomy presented here allows a complete and safe removal of the cholesteatoma matrix from all areas of the temporal bone. In cases of extensive cholesteatomas, surgery can be expanded into an open mastoid cavity going along with a complete resection of the posterior canal wall. The short-term audiometric results after extended cholesteatoma surgery with the CWD technique can be regarded as satisfactory. Several important factors, such as revision surgery, an intact malleus and the preoperative ABG are important factors to gain good to fair postoperative hearing capability. Whenever possible, a reconstruction of the posterior canal wall should be attempted, even in extensive disease. However, when a reconstruction is not feasible for the surgeon, the classical open cavity can be applied with acceptable audiometric results.
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